A computational study of laminar plane jet flow past a plane symmetric sudden expansion configuration is presented. The dependence of asymmetric flow instability on the velocity profile at the expansion region has been studied. This variation in velocity profile at the expansion region is brought about by varying the length of the inlet duct. The attachment lengths of the jet for a range of Reynolds number (Re) values and aspect ratios (ratio of duct width to jet width) have been presented. An in-house two dimensional incompressible flow code has been developed for solving the problem. The Critical Reynolds Number (Re cr ) at which jet develops asymmetry with respect to mid-plane of the channel for a certain aspect ratio, increases as the inlet duct length is decreased. Hence, this indicates that the stability of the jet increases with the decrease in the inlet duct length. The shorter attachment length (SAL) remains nearly constant with increase in Re but longer attachment length (LAL) increases with increase in Re for various aspect ratios.
Introduction
Study of jet flows is very important due to its applications in many practical devices of interest. Jet expansion is encountered in many devices like gas turbine combustors and ejectors. As the jet expands into the symmetric duct across the sudden expansion, it attaches to one of the walls developing an asymmetry with respect to the mid plane of the channel. This occurs above a certain Reynolds Number for a fixed aspect ratio (AR).This effect is called Coanda Effect in the literature. The Reynolds number at which the above phenomenon occurs is called Critical Reynolds Number (Re cr ).
Several experimental and theoretical studies have been conducted in the past, on the flow instabilities past a sudden expansion. Cherdron et al. [1] studied the asymmetric development of the jets in symmetric ducts with sudden expansion experimentally. The disturbances generated at the expansion region which are amplified in shear layers are seen to be the reason for this flow instability. Foumeny et al. [2] studied the bifurcation phenomenon of the incompressible flow through plane symmetric channel expansions computationally. Their observations were in line with previous studies regarding Re cr . Sarma et al. [3] studied the effect of aspect ratio and Re on the asymmetric development of the two dimensional laminar confined jets in sudden expansion configuration numerically. The value of Re cr was reported to decrease when aspect ratio is increased.
All the above works have been carried out to explain the asymmetric flow instability and the physics behind it. The flow instability is highly dependent on the initial conditions of the jet at the expansion region. One such initial condition is the approach velocity profile. This effect has not been studied in the literature so far and hence it forms the motivation for the present numerical study. The variation in the velocity profile at the expansion has been brought about by varying the inlet duct length. This paper also presents the variation observed in the attachment lengths of the jets for certain range of Reynolds number for various aspect ratios.
Problem Description and Numerical Modeling
A confined jet which expands into a duct of larger width suddenly and symmetrically has been considered as shown in Figure 1 . The jet flow is considered to be incompressible, two dimensional, laminar and isothermal. Here, x and y denote the distances in axial and lateral directions respectively, u and v denote the corresponding x and y component of velocities. Also, W denotes the width of the inlet duct and U is the constant velocity prescribed at the inlet. An incompressible flow code has been developed to solve the problem. The Finite volume method has been applied to obtain the discretized equations. A semi staggered grid arrangement is used which uses the same node to store both the u and v velocities as shown in Figure 2 . The pressure nodes and velocity nodes are staggered with respect to each other. The continuity and momentum equations in integral form for a control volume can be expressed as
where,
Also, n x , n y denote the corresponding x and y component of normal vectors to a face of a control volume, ρ and are the density and dynamic viscosity of the fluid respectively, p is the static pressure and t denotes the dimensional time.
A cell represents the area of a control volume and dl denotes the differential length along a side for a control volume. The basic steps involved in the numerical scheme are, 1) Initially, the pressure and velocity fields are guessed.
2) Then, the velocities are updated using the x and y momentum equations, using a guess pressure field p * . Let, u* and v* denote the updated velocities with the guess pressure field.
3) The mass residue is calculated at each pressure cell using the above updated velocity values which gives the estimate of the extent to which the mass is conserved in each cell.
4) Then the pressure correction values(p c ) are calculated using the obtained mass residues for each pressure cell. A Pressure poisson equation with mass residue as the source term is solved using TDMA algorithm. 7) The above procedure is repeated until the required convergence is achieved wherein the pressure and velocity values do not change any significantly with further iterations.
A uniform velocity profile has been prescribed as the inlet boundary condition at the inlet to the duct. At the walls, no slip boundary condition has been given i.e, u=0, v=0. At the outlet, second derivative of velocity components has been set to zero to ensure smooth extrapolation of velocity values from interior domain to ambient.
A suitable value of ∆t is provided to move forward in time. This value is chosen so that the numerical stability criteria for the code to converge for a specific grid are met. The convergence is said to have achieved when the pressure correction and velocity correction values drop below 10 -6 . Typical value of ∆t chosen is 10 -4 s. The above code has been validated with the lid driven cavity problem [4] . To validate with an open flow problem, the results of the above code have been compared with the analytical solution obtained for the well known plane Poiseuille flow. The uniform velocity profile has been provided at the inlet and the outlet velocity profile obtained is compared. The results agree very well with the corresponding analytical solution. Then, the Critical Reynolds Number obtained for aspect ratio of 3 for the confined jet case has been compared with the available literature. The value of Re cr given in literature is around 56 for fully developed velocity profile at the expansion [5] . The value obtained from the code is 55 which is in good agreement with the previous literature. The slight variation observed may be attributed to the numerical schemes used. Grid independence study has been carried out to ensure that the results obtained are independent of the mesh chosen. Suitable grid is chosen so that the velocity values do not change any significantly with mesh refinement. The variation in velocity values has been observed globally to be less than 0.05% if the grid is refined from 25721 nodes to 30773 nodes. Hence, the coarser grid with 25721 nodes is chosen for further calculations.
Results and Discussion
The jet develops asymmetry as the Reynolds number is increased from 50 to 60. Initially, the flow is symmetric at Re 50. The asymmetry starts at Re 55 and there on it remains asymmetric as Re is increased. The contour plots of streamfunctions are shown for the symmetric flow at Re=50 and asymmetric flow at Re=60, in Figure 4 . Figure 5 shows the variation of Re cr as the inlet duct length is decreased. The Re cr increases as the length of the inlet duct is decreased. Hence, flow becomes more stable accordingly. The flow instability is sensitive to the initial conditions. Depending on the initial conditions, the flow may become stable or unstable. In the above case, the velocity profile at the expansion varies as the inlet duct length is varied. This is because the flow becomes fully developed only after the hydrodynamic entrance length. The velocity profile hence changes if the inlet length is decreased keeping the inlet duct length within the hydrodynamic entrance length range. This also brings out the effect of developing boundary layer on Re cr . The boundary layer thickness at the expansion for various inlet duct lengths has been shown in Figure 5 . As can be observed, Boundary layer thickness (BLT) increases with the increase in the inlet duct length. Hence, it is evident that the flow is more stable for smaller boundary layer thickness. The velocity profiles at the expansion for two different inlet lengths have also been shown in Figure 6 . 
Effect of Inlet Duct Length Variation on Critical Reynolds Number

Variation of Attachment Lengths for Different Aspect Ratios with Increase in Re
The recirculation regions will be of same size until the flow is symmetric. Once the asymmetry sets in, one of the recirculation regions becomes larger and the other one becomes smaller. Accordingly, the distance from expansion to the point on the wall where the flow attaches to walls for the smaller recirculation region is termed shorter attachment length (SAL) and the other one as longer attachment length (LAL), as shown in Figure 4 (b). The shorter and longer attachment lengths of the jet in the asymmetric flow regime have been presented in Figure 7 and Figure 8 respectively. The shorter attachment length does not vary much as the Reynolds number is increased from 60 to 200. As can be observed in the figure, value of SAL/W is 3 for AR=8 and 3.5 for AR=4, for Re 70 and stays constant with further increase in Re with little deviations. Even for AR=3, the value is 3.5 for most of the Re and increases to 3.75 at Re 160. Thus, it can be concluded that SAL does not very any significantly with the increase in Re. But, LAL varies appreciably with the increase in Re for AR=3 and AR=4 as can be observed from Figure 8 . But, LAL does not vary much for AR=8 with the increase in Re. This indicates that the increase in LAL/W value with increase in Re is higher for lower aspect ratios.
Conclusion
A computational study of confined two dimensional laminar jets has been carried out. The effect of inlet duct length variation on the critical Reynolds Number has been considered and it has been concluded that the confined jet becomes more stable with respect to asymmetric flow instability with the decrease in inlet duct length. The attachment lengths of the jet in asymmetric flow regime have also been reported. It is concluded that the shorter attachment length remains nearly constant with the increase in Re for any fixed aspect ratio and longer attachment length increases with the increase in Re, the increase being larger in the smaller aspect ratios.
